Abstract Present data suggest that the consumption of individual dietary supplements does not enhance the health or longevity of healthy rodents or humans. It might be argued that more complex combinations of such agents might extend lifespan or health-span by more closely mimicking the complexity of micronutrients in fruits and vegetables, which appear to extend health-span and longevity. To test this hypothesis we treated long-lived, male, F1 mice with published and commercial combinations of dietary supplements and natural product extracts, and determined their effects on lifespan and health-span. Nutraceutical, vitamin or mineral combinations reported to extend the lifespan or health-span of healthy or enfeebled rodents were tested, as were combinations of botanicals and nutraceuticals implicated in enhanced longevity by a longitudinal study of human aging. A cross-section of commercial nutraceutical combinations sold as potential health enhancers also were tested, including Bone Restore®, Juvenon®, Life Extension Mix®, Ortho Core®, Ortho Mind®, Super K w k2®, and Ultra K2®. A more complex mixture of vitamins, minerals, botanical extracts and other nutraceuticals was compounded and tested. No significant increase in murine lifespan was found for any supplement mixture. Our diverse supplement mixture significantly decreased lifespan. Thus, our results do not support the hypothesis that simple or complex combinations of nutraceuticals, including antioxidants, are effective in delaying the onset or progress of the major causes of death in mice. The results are consistent with epidemiological studies suggesting that dietary supplements are not beneficial and even may be harmful for otherwise healthy individuals.
Introduction
The identification of required nutrients, vitamins and trace minerals led to a significant improvement in human health and longevity (McCormick 2010) . We now know that consumption of diets rich in fruits and vegetables dose-responsively extends human survival while reducing mortality (Bellavia et al. 2013) . These observations may have contributed to the widespread belief that the consumption of large amounts of isolated micronutrients and macronutrients derived from fruits and vegetables will enhance human health-span and longevity. This belief was given a sense of legitimacy in the 1970s, when Nobel laureate Linus Pauling promoted high-dose orthomolecular vitamin therapy for diseases as diverse as cancer and schizophrenia (Cameron and Pauling 1974; Pauling et al. 1974) . Today, more than half of the adults in the USA consume some form of dietary supplement (McCormick 2010; McCormick 2012) . Consumption of such supplements, sometimes in large amounts, is often perceived as being without risk.
Meta-analysis of randomized controlled human trials, and studies performed with rodents generally do not support the idea that the consumption of dietary supplements can increase the lifespan of initially healthy individuals (e.g., Macpherson et al. 2013; Spindler 2012; Spindler and Mote 2007; Spindler et al. 2013b) . Rather, some nutraceutical supplements appear to decrease the longevity of some individuals (e.g., Heinonen and Albanes 1994; Hemila and Kaprio 2011) .
It might be argued that the supplements administered in the studies cited above were too limited in variety to produce the kinds of positive effects on longevity observed when their whole-food sources are consumed (e.g., Lemon et al. 2005) . We designed the studies described here to test the hypothesis that complex mixtures of vitamin, mineral, phytochemical, and other nutraceuticals can increase the longevity of initially healthy mammals. To do this we fed complex mixtures of dietary supplements, cold packed into a chemically defined American Institute of Nutrition (AIN) diet, to long-lived, F1 hybrid mice. Food consumption and body weights were monitored throughout the study. The supplement combinations were chosen in part from those whose efficacy was supported by scientific publications as well as from those whose efficacy was advanced through advertising.
Materials and methods

Mouse lifespan and food consumption
The studies used male B6C3F1 mice (Harlan Breeders, Indianapolis, IN, USA) randomly assigned to 58 treatment groups and to a control group, at 12 months of age. Animal husbandry and experimental design were as described previously (Spindler et al. 2013b,c) . Two hundred ninety-seven mice were shifted from ad libitum chow feeding (Diet #5001; Purina Mills, Richmond, IN, USA) to daily feeding with 13.3 kcal/day/mouse of control diet (AIN-93M, Diet No. F05312; Bio-Serv, Frenchtown, NJ, USA). Thirty-six mice were shifted to daily feeding with an identical quantity of control diet supplemented with the compounds indicated in Table 1 . The 40 % CR group (36 mice), was shifted to 11 kcal/day/mouse of AIN-93M 20 % Restricted Diet for 2 weeks, and thereafter to 7.46 kcal/day of . The 20 % and 40 % calorically restricted (CR) diets were fortified so the mice received fewer calories in the form of carbohydrate than the other groups but approximately equal amounts of fat, protein, vitamins and minerals, exclusive of the supplements added to the diets. Carbohydrate restriction was utilized because good experimental design specifies that to the degree possible only one parameter should be varied at a time to simplify the interpretation of the results. All mice were fed daily. Food consumption and mouse health were monitored at the time of feeding, and any uneaten food was noted. The drugs were mixed with powdered diet and cold-pressed into one gram pellets by Bio-Serv. The food was stored moisture free at 4°C until used. The mice drank acidified (pH 4.0) tap water ad libitum. Acidification greatly reduces Pseudomonas colonization of water bottles, sippers, and the nasopharynx and intestines of mice (National Institutes of Health 1994; National Research Council 1991) . The mice were weighed bimonthly. The mice were maintained in shoebox cages with 0.22 micron covers, under barrier conditions, four per cage, on a 12-h light/dark cycle at 22°C and 56 % average humidity. Bedding was radiation sterilized. The health of the mice was examined twice daily by laboratory staff, and weekly by a veterinarian. Dead mice were stored at −20°C until necropsy. This study was approved by the Institutional Animal Care and Use Committee at the University of California, Riverside. Kaplan-Meier survival curves were compared using the Gehan-Breslow-Wilcoxon and the Mantel-Cox statistical tests implemented in GraphPad Prism 5.01. The tests were not adjusted for multiple testing.
Results
Combinations tested
The combinations and supplement groups used for these studies are described in Table 1 . The composition of the commercial products which are not defined in this table is summarized in Table 5 . The combinations include the nutraceutical, vitamin and mineral combination reported by Lemon and colleagues to extend the lifespan of enfeebled growth hormone overexpressing mice (Lemon et al. 2005) . We refer to the diet containing this combination as the LRcombo diet. As nearly as possible we utilized the same suppliers and products used by these authors. Swisse Vitamins and Promatrix were not available in the USA when we performed the study. We substituted the highest quality nutraceuticals available. We also tested the combination of "nonvitamin, nonmineral" botanicals and nutraceuticals implicated in human longevity by the longitudinal study of participants from Beaver Dam, Wisconsin (Knudtson et al. 2007 ). The diet containing this combination is here referred to as the Beaver Dam diet. We tested the combination of α-lipoic acid, acetyl-L-carnitine and biotin reported to optimize metabolism; delay mitochondrial decay; and decrease DNA damage, cancer, and other degenerative diseases of aging in rats (Ames 2004; Ames 2010 ). This combination is sold under the trade name Juvenon, and we here refer to the diet containing this supplement as the Juvenon diet. The effects on lifespan of diets supplemented with other tradename nutraceutical combinations also were tested. These were Bone Restore®, Ultra K2®, and Super K w k2®; Life Extension Mix®, Ortho Core®; and Ortho Mind®. Many of these combinations are consumed by lifespan extensionists and health enthusiasts, alone and as a part of more complex combinations, sometimes i n h i g h d o s a g e s . F o r t h e s e r e a s o n s , w e compounded a more complex mixture of commercial botanical extracts, vitamins and nutraceuticals, which we termed LGcombo (Table 1) . This mixture was rich in substances touted as antioxidants and anti-inflammatories in scientific and popular publications (Table 1 and Table 5 ; see Discussion). The supplement mixture was administered at a high dosage by comparison to the other preparations to ensure that it was consumed at orthomolecular (also called megavitamin) levels.
Effects on lifespan
The combinations were cold packed in the chemically defined AIN-93M diet, and fed to male mice beginning at 12 months of age (Reeves 1997; Reeves et al. 1993 ). There were three reasons for beginning the treatments at this age. First, human treatment with longevity enhancing therapeutics is most appropriately confined to the period of life after growth, development and reproduction have ceased (Spindler 2010) . It is difficult to envision FDA approval of a longevity therapeutic for younger individuals. Second, therapeutics may have both negative and positive effects on lifespan and healthspan. Beginning treatment at a later age may reduce the accumulated toxic effects of a potential therapeutic (Spindler et al. 2013c ). Third, rapamycin, the most efficacious model therapeutic yet found in mice, is approximately equally effective whether administration is begun at 9 or 20 months of age (Miller et al. 2011) .
None of the combinations significantly increased the lifespan of the mice (Figs. 1, 2, 3 , 4, 5, 6 and 7). The highly diverse LGcombo diet actually shortened lifespan significantly, according to both of the statistical tests (Fig. 8) . This decrease may have been due in part to the marine oil present in the diet.
We chose to analyze only male mice in this study to maximize the throughput of the assay. Inclusion of females, which have physiological complexities related to estrus cycling, would have reduced the number of tested compounds and combination by half. These studies were part of a larger umbrella study of one large control group and 58 smaller treatment groups (e.g., Spindler 2012 ). This statistical design was utilized to maximize the number of treatment groups (Jeske et al. 2013 ). The sample sizes in this study are similar to those required for a Weibull survival analyses designed to have a better than 75 % probability of detecting an 10 % increase in mean lifespan with a 1 % (α≤0.01) probability of a false positive across 58 test groups (Jeske et al. 2013) . The Weibull survival analysis is more stringent than those used here.
In the other groups, lifespan was significantly extended by treatments. For example, a 40 % CR group and two groups treated with β-adrenergic receptor blockers achieved 23 % and 9 % lifespan extension, respectively (Spindler et al. 2013b,c ). These results demonstrate that lifespan can be extended with these mice under the husbandry conditions used.
Rationale for the dosages
The components of the LRcombo diet were administered at the dosages used in the published study (Lemon et al. 2005) . The concentration of each supplement used in the Beaver Dam diet was calculated from the human dose recommended by each supplier, scaled up according to accepted cross-species scaling factors (reviewed by Spindler 2012) . These scaling factors are designed to adjust dosages between animals and humans to account for species-specific pharmacodynamic and pharmacokinetic differences. Assuming an 80-kg adult and a 39-g mouse, they suggest that mice should receive between 8-and 12-times (in mg/kg body weight) the recommended human dosage of a drug. Thirty-nine grams is approximately the median weight of the mice in this study during the treatment period (Fig. 9) . The recommended human dosage of the Juvenon used was two caplets per day per adult, which totaled to 3.2 g of the capsule material/d. This contained 1,000 mg of acetyl-Lcarnitine, 400 mg of α-lipoic acid, and 300 μg of biotin. The concentration of Juvenon caplet material in the mouse diet was 3.74 g/kg diet. This supplied 106 mg of acetyl-L-carnitine, 43 mg of α-lipoic acid, and 32 μg of biotin per kg bw/d to the mice. The concentrations of Bone Restore plus K2, Life Extension Mix, Ortho Core, and Ortho Mind in the mouse diets were scaled up in the same way, based on the manufacturer's recommended human daily dosages. For the LGcombo diet, the dosage per kilogram body weight was calculated as described above for each component in the diet except Bone Restore and Mineral Formula for Men, which were not increased in mg/kg bw to avoid the potential for toxicity of the minerals present in these supplements. The aspirin concentration in the LGcombo was calculated according to a cross-species scaling factor of 10, based on a human dosage for the prevention of myocardial events of 163 mg/day, assuming an 80 kg adult. This amount is at the upper range of the dosages currently recommended by the American Diabetes Association and the American Heart Association of 75-163 mg daily for primary prevention of cardiovascular disease in men aged 45-79 years (Maciosek et al. 2006 ). It appears unlikely that higher dosages of these supplement combinations would have a positive effect on lifespan. The higher dose LGcombo had a negative effect.
Food consumption and body weight
To determine the possible effects of the compounds on food intake and body weight, the mice in each group were fed the same number of calories each day, and both parameters were quantified throughout the study (Fig. 9) . None of the treatments affected food consumption or body weight (Fig. 9) . As observed previously, Fig. 4 Lifespan of mice fed a diet containing Bone Restore or a control diet Fig. 5 Lifespan of mice fed a diet containing Life Extension Mix or a control diet Fig. 6 Lifespan of mice fed a diet containing Ortho Core or a control diet Fig. 7 Lifespan of mice fed a diet containing Ortho Mind or a control diet mean body weight estimates became increasingly unstable as days on diet increased, because the number of mice diminished with time (Spindler et al. 2013b; Spindler et al. 2013c) . Because the ratio of food consumption to body weight was not consistently different between groups, the supplements do not appear to change energy adsorption or utilization. Also, as observed previously with these mice, both the control and treatment groups gradually lost weight after the shift to meal feeding, even though their weights approximated those of ad libitum fed mice (Spindler et al. 2013b ).
Effects of LGcombo on serum chemistries
To investigate the reasons for the shortening of lifespan by LGcombo, mice of the same sex and strain used in the lifespan study were fed the LGcombo diet for 9 weeks, and their serum analyzed for markers of health status ( Table 2) . Most of the parameters measured were not changed by the diets. However, total serum protein and blood urea nitrogen (BUN) significantly decreased, while total bilirubin significantly increased. These results are difficult to interpret. Decreased serum protein and BUN would most commonly be associated with a low-protein diet, malnutrition or starvation, or impaired metabolic activity in the liver due to parenchymal liver damage, or with kidney disease (Waner and Nyska 1991) . Because the mice did not change their food consumption or body weight, liver and/or kidney toxicity are the most likely explanations. The highly significant elevation of total bilirubin also is consistent with liver injury or hemolysis, which are both signs of toxicity. A numerical reduction in LDL was very near statistical significance (Table 2 ). This decrease may have been due to the marine oils present in the LGcombo diet. Together, these results suggest that the LGcombo diet produced liver and possibly kidney damage. Determining which component of LGcombo is responsible for reduced lifespan and the damage to the liver and kidney would be difficult because of the its complexity.
Necropsy results
The necropsy results for the control and LGcombo mice are summarized in Tables 3 and 4. The LGcombo mice had few differences from the control mice in the pathologies detected. There may have been fewer hemangiomas in the LGcombo mice, while the number of enlarged seminal vesicles may have been higher (Table 3) . However, these differences involved relatively few mice, and thus are of uncertain significance. There were no effects on liver tumor number or size (Table 4) .
Discussion
We tested the hypothesis that complex mixtures of dietary supplements are capable of extending the lifespan of initially healthy mammals. Simple and highly complex mixtures of vitamins, minerals, phytonutrients, and LGcombo (turquoise), Life Extension Mix (blue), Ortho Core (purple), and Ortho Mind (brown) diets fruit, leaf, spice, and seed extracts were tested for their effects on the lifespan and mortality-related pathologies. F1 hybrid mice were used because they are a robust, defined and well-controlled experimental system. None of the combinations extended lifespan, and one very complex mixture of supplements decreased lifespan. These results are consistent with other rodent studies indicating that nutraceutical supplements have no effect on lifespan, or shorten it (Ristow and Schmeisser 2011; Selman et al. 2013; Spindler et al. 2013b ). Our results also are consistent with studies of initially healthy humans indicating that the use of dietary supplements is associated with either no effect or a negative effect on survival (e.g., Bjelakovic et al. 2004 ; Chowdhury et al. Macpherson et al. 2013; Miller et al. 2005; Myung et al. 2013; Rizos et al. 2012) . While some supplements may be effective in treating specific disease states, most data suggest that either simple or complex combinations of supplements are not effective in delaying the onset or progress of the major causes of death in mice or humans.
The toxicity of the LGcombo may be due in part to the Krill oil and opti-DHA present in the diet (Table 1) . Opti-DHA is composed of marine lipids rich in docosahexaenoic acid (DHA; 450 mg/g) and eicosapentaenoic acid (EPA; 150 mg/g). Mice consuming AIN-93M diet supplemented with either krill oil or Lovaza, which are also DHA and EPA rich oils, had reduced lifespans relative to the unsupplemented control mice (Spindler et al. 2013a) . The husbandry procedures were identical to those used for the LGcombo mice. Both the LGcombo and Lovaza diets produced elevated levels of BUN (Table 2 ; Spindler et al. 2013a) . These data suggest that the ω-3 rich oils may have been at least partially responsible for the reduced lifespan of the LGcombo supplemented mice. Other components in the diet may also have produced adverse effects. The LGcombo mice had elevated bilirubin and total serum protein levels, which were not observed in the Lovaza diet fed mice (Table 2 ; Spindler et al. 2013a ). The high concentrations of phenolic compounds in the LGcombo diet may have produced these changes. The LGcombo supplement was approximately 6 % of the diet by weight (Table 1) , and Nanogreens 10 were 23 % of the LGcombo supplement. Nanogreens 10 contains extracts of many fruits, vegetables, grasses and barks rich in phenolics. High levels of these may have saturated the phase I/phase II enzyme systems, interfering with normal endobiotic metabolism, resulting in hepatic and systemic toxicity.
The mice were isocalorically fed to avoid the supplement-related food aversion that can reduce caloric consumption and induce CR-related lifespan extension in ad libitum fed mice (Spindler 2012) . Our studies found that approximately half of the supplements administered to mice in their food reduce ad libitum food consumption, usually slightly, but sometimes substantially (Spindler 2012) . For these reasons, the studies described here monitored food intake daily and measured body weight bimonthly.
We used F1 hybrid mice for these studies because they are more disease-and stress-resistant and have larger litters and longer lifespans than their inbred parental lines (Flurkey et al. 2009 ). Hybrid vigor of this type is thought to arise from the increase in heterozygosity at the loci for which their parents are heteroallelic. B6C3F1 mice have the advantages of being easily produced by a single cross. They are genetically defined and are the longest lived mouse strain of which we are aware (Spindler 2012) . It seems likely that compounds which increase the lifespan of healthy, long-lived mice will be more likely to extend the lifespan of other healthy, longlived mammals, such as humans.
Our results do not support the assumption made in some published studies that screening using enfeebled rodents will expedite the identification of longevity therapeutics (Spindler 2012; Spindler et al. 2013b ). The LRcombo diet combination extended the lifespan of mice enfeebled by the overexpression of the growth hormone gene, which markedly shortens lifespan (Lemon et al. 2005; Steger et al. 1993 ). However, this supplement combination produced no effect on the lifespan of our healthy, F1 mice (Fig. 1) . While many compounds have been shown to extend the lifespan of short-lived or enfeebled mice, to the best of our knowledge, metformin is the only compound which was first identified in this way which later was shown to extend the lifespan of more robust mouse strains (Anisimov et al. 2005a,b; Martin-Montalvo et al. 2013) . While other examples may exist, enfeebled rodent models, at present, seem prone to false positives (Spindler 2012) . Thus, screening for potential longevity therapeutics might be more productively performed using robust rodent strains.
The data found here are consistent with the growing body of evidence indicating that compounds thought to be biologically relevant antioxidants do not increase the lifespan of normal mammals (e.g., Salmon et al. 2010 ; Table 4 Liver tumor mass of the mice shown in Fig. 8 Liver tumors
Control (n=72) LGcombo ( Selman et al. 2013; Spindler et al. 2013b) . Rather, many micronutrients chronically taken in excess can become toxic and even lethal (McCormick 2010) . Antioxidant supplements, for example, appear to either have no effect on lifespan, or to increase morbidity and mortality in humans (McCormick 2010) . In contrast to the results cited above, many antioxidants appear to extend the lifespan of worms or flies (e.g., Liao et al. 2011; Peng et al. 2012; Shen et al. 2013 ). These results suggest that screening drugs and supplements in lower eucaryotes may be confounded by high false discovery rates. However, our experience has been that many compounds which extend mouse lifespan also extend the lifespan of Drosophila (e.g., Spindler et al. 2013c ).
Summary
The data presented here suggest that the consumption of complex mixtures of dietary supplements do not provide the same lifespan and health benefits as their whole food sources. Extracted or isolated botanical components or chemicals with antioxidant or anti-inflammatory properties did not increase the longevity of the mice in this study. The results are not likely related to the dosages used. We tested multiple commercial compilations at the mouse equivalent of the human dosages recommended, two published supplement combinations at the dosages reported to have longevity or cognitive benefits in rodents, and a highly complex, high dosage supplement combination. These combinations either had no effect or a negative effect on lifespan. Together our results are not consistent with the view that the consumption of complex mixtures of extracts and isolated components of whole foods is effective at extending lifespan. These results are instead consistent with a large body of epidemiological evidence indicating that the consumption of dietary supplements is associated either with no effect or an increase in morbidity and mortality. 
